The subject matter of TC 189-NEC is: a) Selection of suitable non-destructive test (NDT) methods for the evaluation of the thickness and quality of the concrete cover ('covercrete'), in view of the durability of concrete structures b) Draft recommendations for the application of those test methods c) Establish guidelines for the specification of the quality and thickness of the concrete cover, as function of exposure conditions and service life design, and for its compliance control "in situ" by NDT methods.
OBJECT OF THE EXPERIMENT
The object of the experiment was to determine whether the NDT methods designed to measure on site the "penetrability" of the concrete cover are capable to detect differences in the w/c ratio and curing conditions of concretes. The capability of the test methods is checked by applying them under standard conditions (20°C and 70% RH), as well as under "moist" conditions (20°C and 90% RH) and under "cold" conditions (10°C).
SPECIMENS AND MATERIALS
Forty slabs (0.3x0.9x0.12 m) were cast at Empa, four for each of the test conditions shown in Table 1 . Details on the composition and properties of the mixes, the casting, curing and storage of the slabs, as well as the preparation and preconditioning of drilled cores and specimens, can be found in Annex A.
The age of the slabs at the initiation of the application of the NDT comparative tests, which lasted 5 days, ranged between 54 and 69 days.
In a second stage, cores were drilled from the slabs, cut to size, dried at 50°C, weighed and shipped to LNEC for testing (another set was shipped to the Univ. of Cape Town for the determination of their Durability Indices; these results are not discussed in this paper); more details can be found in annex A. The tests conducted at LNEC on those specimens, applying standardized or RILEM-recommended tests, under controlled laboratory conditions, are referred to as "Reference Tests".
The range of ages of the specimens at the initiation of the Reference Tests, ranged between 110 and 194 days.
Both during the application of the NDT directly on the slabs as well as of the Reference Tests on the cores, the identity of the samples was coded. So, the tester did not know to which test condition the specimens belonged. Table 2 shows the properties measured, the NDT methods applied on the slabs, the Institute that performed each test and the typical number of readings per Test Condition. A brief description, taken from [1] , of the methods is given in annex B. Table 3 shows the properties measured by the "Reference Tests" conducted at LNEC (P), quoting the standards/RILEM Recommendations followed for the tests.
METHODS

"Penetrability" NDT applied
Reference Test methods
Criteria to evaluate the results
The results discussed in this report are presented in annex C, Table C1 (Site Tests) and Table C2 (Reference Tests).
Significance of the tests
This evaluation aims at establishing whether the test methods are capable to differentiate the "penetrability" of concretes of different w/c ratios (sets 1-2-3 for OPC and 4-5 for BFSC), of the same w/c ratio but different curing (sets 2-6) and of different w/c ratios for measurements conducted on moist slabs (sets 7-8) and on slabs that were kept for one week in a cold room (sets 9-10).
The capability of the methods is tested applying a Student's t-statistical test of the difference between the means of the pairs of sets of results under comparison, as 
Gaspermeability
HongParrott LNEC (P) 4
Water sorptivity
Autoclam Water Sorptivity
Queens' Univ.
Belfast (UK) 3
Electrical Resistivity Wenner TNO (NL) 20
# The results of both laboratories being quite similar, only those from TFB are considered in this paper. shown in Table 4 . The null hypothesis H 0 is that both sets of results come from populations having the same mean "penetrability". The alternative hypothesis H 1 is that one set has a mean "penetrability" higher than the other as indicated in the "Rating" row of Table 4 , for which a onetailed test is applicable. The outcome of the Statistical test is evaluated as follows:
• If the result of the statistical test allows to reject the null hypothesis H 0 at a level of significance < 1%, the differentiation capability of the test, for the particular sets compared, is "highly significant" (++).
• If the result of the statistical test allows us to reject the null hypothesis H 0 at a level of significance between 1% and 5%, the differentiation capability of the test, for the particular sets compared, is "significant" (+).
• If the result of the statistical test does not allow us to reject the null hypothesis H 0 at a level of significance of 5%, the differentiation capability of the test, for the particular sets compared, is "not significant" (o).
• If the results are in reverse order than expected, the response of the test is "wrong" (--).
Correlation between Site and Reference Tests
This evaluation aims at establishing how well the results obtained by the Site Tests correlate with the results of the corresponding relevant Reference Tests. The "goodness" of the correlation is measured by the correlation coefficient R, for the 10 pairs of values corresponding to the 10 Test Conditions investigated. The X values are the averages obtained by the Reference Test for each test condition, and the Y values are the corresponding averages obtained by the Site Test.
The R values were calculated under two assumptions: A linear (L) regression exists between both methods (Y=a·X+b), or a power (P) regression exists between both methods (Y= a·X b ). The highest of the two values R(L) or R(P) is reported.
The correlations presented correspond to tests governed by similar transport mechanisms, e.g. permeability (gas-permeability and water suction) or ion electromigration (electrical resistivity/conductivity and chloride "diffusivity").
Influence of moisture and temperature
The approach followed to evaluate the influence of moisture and temperature on the response of the Site Tests is simply to plot the average results obtained at 20°C on "dry" slabs ("normal") against the w/c ratio, together with the results on the moist slabs ("moist") and at 10°C ("cold") . By looking at the graphs a qualitative evaluation can be made on how the values are affected by the change of conditions. This issue merits a more detailed investigation, which might be included in the work of a future TC.
RESULTS
Characteristics of the concretes
The characteristics of the concretes produced for the Comparative Test are given in Table A1 of annex A. 
Results of Reference Tests
Results of Site Tests
The results of the Site Tests will be analysed in three different groups, representing two different transport mechanisms:
• Fluids under pressure gradients:
o Permeability to gases (under pressure or a vacuum) o Water sorptivity (water under capillary suction) • Movement of ions under an electrical field:
o Ions electromigration (electrical resistivity) The performance of each test method is analysed in terms of its significance (the degree of significance with which it is capable to differentiate the various "covercrete" qualities) and of the degree of correlation with the relevant Reference Tests. It has to be mentioned that for Autoclam, only the results of test conditions 1 to 6 are included in the correlations, as the application of this method under test conditions 7 to 10 requires additional measurements (temperature and RH of the air in a cavity), which were not conducted during this investigation. Chloride "diffusivity"). As the "penetrability" is expected to be directly linked to the electrical conductivity, the latter is used for the correlations (conductivity = 1 / resistivity).
Gas permeability
Water sorptivity
Electrical resistivity
Influence of moisture and temperature on Site Tests
To have an indication of the temperature and degree of saturation in the slabs used for the different Test Conditions, measurements of Temperature and Relative Humidity were performed inside drilled holes, sealed to create a cavity, both by LNEC and QUB. For Test Conditions 1-6 ("dry" conditions) the relative humidity ranged between 78 and 85% whilst for 7 and 8 ("moist" condition), it ranged between 90 and 92%. The temperature reflected closely that of the room where the slabs were stored.
Figs. 4a to 4c show the effect of the moisture and temperature of the slabs on the Site Test for gas-permeability.
Figs. 5 and 6 are similar but for water sorptivity and electrical conductivity, respectively.
Practical aspects
During the application of the Site Test methods in the Comparative Tests, several practical aspects were monitored by an independent observer, namely:
• Activities and time required to conduct the Site Test. • The impact the test has on the concrete surface (damage, stains, etc.).
• Resources required (no. of operators and dedication, electric power, weight for handling). The result of that work is summarized in Table D1 of annex D. More details will be available in [1] . Note that the duration covers the number of readings required to assess the "penetrability" of a given test condition, as indicated for each method in Table 2 .
DISCUSSION
Significance of Reference Tests
The results of the Reference Tests are very consistent (see Table 5 ). In most cases, the five tests applied (O 2 - Permeability, Water Absorption Rate, Electrical Resistivity, Chloride "Penetration" and Chloride "Diffusivity") managed to differentiate at the highly significant level the changes in w/c ratio (for both the OPC and the BFSC) and curing. Table 6 indicates that the gas-permeability Site Tests were capable to significantly differentiate the qualities of the covercrete in 5 (Autoclam) and 6 (Parrott and TPT) out of 7 compared sets. Neither Autoclam nor Parrott were capable to differentiate between the concretes with w/c ratios 0.40 and 0.55 made with OPC. In the case of Autoclam, the averages are in the reverse order than expected (higher permeability for the concrete with w/c= 0.40). In the case of Parrott, the averages are in the correct order, which indicates that a larger number of readings might have made the difference significant.
Significance and Correlation of NDT
Gas permeability
None of the surface methods (Autoclam and TPT) found a significant difference between the concretes with w/c ratios 0.40 and 0.55 made with BFSC. In all cases, the averages were in the correct order, but the difference was not large enough to make it significant. This suggests that a larger number of readings might have made the difference significant Regarding correlation with the Reference Tests (Figs. 1a to 1f), we can say that both Parrott and TPT present excellent correlations with the RILEM-Cembureau O 2 -Permeability and also (albeit to a slightly lesser extent) with the Water Absorption Rate Reference Tests. The results of Autoclam are not as good, to some extent due to a possible underestimation of the permeability of the concrete with w/c = 0.60.
Regarding the influence of moisture and temperature (Figs. 4a to 4c), the most sensitive test seems to be Autoclam and the least sensitive seems to be TPT. Table 6 indicates that the Autoclam Water Sorptivity Index was capable to significantly differentiate 6 out of the 7 compared sets.
Water sorptivity
The correlations of water sorptivity with the related Reference Tests (Figs. 2a and 2b) were relatively poor and clearly worse than those found when the same instrument was used to measure air-permeability. Against expectations, this also happened for the correlation with the Water Absorption Rate Reference Test (compare Figs. 1b and 2b) .
Water sorptivity Indices seem strongly affected by the moisture content of the slabs (Fig. 5 ).
Electrical resistivity
As shown in Table 6 , the Wenner Site Test method detected significant differences in 5 out of the 7 sets compared, although both failures correspond to averages in the reverse order. The correlations of the Wenner Site Tests with the Reference Tests (Figs. 3a and 3b) showed a very good correlation with the Electrical Resistivity Reference Test method and a poorer one with the Chloride "Diffusivity" Reference Test. However, these correlations are strongly and positively affected by the results of the two concretes made with BFSC (sets 4 and 5). Without them, the correlation coefficients are almost halved.
Finally, as shown in Fig. 6 , the Electrical Resistivity Site Test is affected by high moisture and low temperature in the expected way (higher and lower conductivity, respectively).
CONCLUSIONS AND FURTHER STEPS
A summary of the quantitative recorded aspects of the performance of the test methods is presented in Table 7 .
It can be concluded that the Comparative Test at Empa was well designed, planned and executed to provide meaningful and objective results. The fact that the testers involved, both on site and at the laboratories, did not know the identity of the slabs or cores they were testing, guarantees the objectivity of the results obtained.
Although to a varying degree, the Comparative Test proved that there are methods capable of evaluating the "penetrability" of the concrete cover on site, in a reliable and statistically significant manner. In five or six out of seven cases, the test methods were capable of detecting correctly the expected differences in "penetrability" at a significant or highly significant level. Moreover, some of This opens good perspectives for the application of such methods in practice, for the specification and "in situ" compliance control of the "penetrability" of the vital concrete cover, aiming at performance-oriented criteria regarding the durability of concrete structures.
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A.1. Casting of slabs and cubes
The 10 batches of concrete to cast the slabs were produced at Empa in batches of 200 to 250 litres (depending on the need to produce reinforced slabs) in a 250 litres pan-type mixer. After a period of dry mixing and after the addition of water and plasticizer, the mixer was operated for 90 seconds.
The whole mixture was transferred into a concrete bucket, then a concrete sample was taken for the determination of the fresh concrete properties as well as the production of four 150 mm cubes.
Four to six 0.3x0.9x0.12 m slabs were cast in steel moulds directly on the vibrating table. Duration of vibration was 20-25 s.
A.2. Concrete properties
Properties of the fresh concrete were determined in accordance with EN 12350:1999. The concrete cubes were demoulded after one day, stored at 20°C and 90% RH until testing at the age of 7 and 28 days. The values reported in Table A1 correspond to the average of two companion cubes.
A.3 Storage
All slabs were demoulded after one day and thereafter stored as shown in Fig. A1 . The bottom surfaces of the slabs, as cast, were prepared by marking and numbering four areas (200 x 200 mm) leaving 50 mm distance from the edges of the slab, where the NDT would be applied (Fig. A2) .
After the drilling of cores, the slabs from conditions 1 to 6 were placed outdoors under cover, under identical exposition to the environment, to measure carbonation depth at later ages (1 and 2 years).
A.4. Core drilling, specimen preparation and conditioning before testing
After completion of the NDT, four cores per condition were drilled from areas of the slabs that were not affected by the previously applied NDT. All core samples were identified with new codes to avoid any possible association with the NDT already performed on the slabs.
Cores with Ø of 100 mm were cut to a thickness of 50 mm, preserving the original slab surface where the NDT were applied. The resulting discs were dried for 4 days at 50°C in a ventilated oven. Before and after drying they were weighed and, after drying, were individually wrapped in plastic bags. Then they were safely packed and sent to Portugal by truck. After arriving at LNEC laboratories, the specimens were kept sealed at 20°C till the moment the O 2 -Permeability test was started, to be followed in succession by Water Absorption Rate, Electrical Resistivity and Chloride-penetration (ASTM C1202). The non-stationary Chloride "Diffusivity" was determined, based on the colorimetric evaluation of chloride penetration, after the ASTM test was finished.
ANNEX B: Brief description of the NDT applied
B.1 Autoclam Permeability System [6]
The Autoclam system uses a base ring bonded or sealed onto the surface under test, which isolates a test area with a diameter of 75 or 50 mm.
The body of the Autoclam, containing the pressure transducer to record the test pressure, is bolted to the base ring with an O-ring seal during the test (Fig. B1) .
In order to carry out an air permeability test, the relative pressure inside the apparatus is increased to slightly above 0.5 bar and the decay in pressure is monitored every minute from 0.5 bar for 15 minutes or until the pressure has diminished to zero. A plot of the natural logarithm of pressure against time is linear. The Autoclam Permeability system allows the measurement, not only of the air-permeability, but of the water sorptivity and water-permeability as well.
The sorptivity test can be carried out at the same location where the air-permeability was determined, after a waiting period of 1 hour. Water is admitted into the test area through a priming pump with the air escaping through the bleed tube. When the test chamber is completely filled with water the priming pump automatically switches off and the micro pump pressurises the test area to 0.02 bar (0.5 bar for water permeability) above atmospheric, at which stage the test starts. At this pressure the transport of water into capillary pores is considered to be due to absorption rather than by pressure induced flow. As water is absorbed by capillary action, the pressure inside would tend to decrease, hence it is maintained constant by the pump and the control system. The volume of water delivered is measured and recorded every minute for a test duration of 15 minutes, so that the total quantity of water absorbed during the test is accurately known. The plot of the quantity of water absorbed and the square root of time elapsed is linear. The slope of this graph is reported as the sorptivity index with units of m 3 /min -1/2 . Manufacturer's web page: www.amphorandt.com
B.2 Hong-Parrott [7]
It consists in drilling a blind hole 35 mm deep and of 20 mm diameter in the concrete surface (Fig. B2) . The sealing of the hole is done with a stainless steel plug fitted with an expanding silicone rubber sealing sleeve. A pressure transducer and a digital indicator are connected to the plug. The cavity is pressurised with air slightly above one atmosphere and the time taken for the relative pressure to drop from 50 to 35 kPa is measured.
The measured time is converted into an apparent permeability K [m²], as function of the radius affected by the test, as revealed by bubbles in a soap-solution brushed on the concrete surface around the hole.
This method contemplates the measurement of the relative humidity inside the cavity. For that, a relative humidity probe is inserted through the plug and into the cavity without allowing the cavity atmosphere to mix with the ambient air.
Manufacturer's web page: (Wexham Developments) ourworld.compuserve.com/homepages/wexdev
B.3 Torrent Permeability Tester [8]
The distinctive characteristic features of this method are a two-chamber vacuum cell and a regulator that balances the pressure in the inner (measuring) chamber and in the outer (guard-ring) chamber (Fig. B3) .
The cell is placed on the concrete surface and a vacuum is created with the pump in both chambers. Due to the external atmospheric pressure and the rubber rings the cell is pressed against the surface and thus both chambers are sealed, making the cell self-supported. After 1 min stop-cock 1 is closed, which insulates the inner chamber system. From this moment on, the pressure in the inner chamber starts to increase, as air is drawn from the underlying concrete. The rate of pressure rise, which is directly related to the permeability of the concrete, is recorded.
As the vacuum pump continues operating on the outer chamber, through the pressure regulator, the latter ensures that the pressure in the outer chamber is kept always equal to the pressure in the inner chamber. Thus, the outer chamber acts as a "guard-ring", creating a controlled, unidirectional air flow into the inner chamber. That makes it possible to calculate the coefficient of permeability kT [m²] , on the basis of a theoretical model. A correction is applied if the results of the resistivity (measured by the Wenner method) are too low, indicating a moist concrete.
Manufacturer's web page: www.proceq.com 
B.4 Wenner Electrical Resistivity [3]
The electrical resistivity is measured using a probe, consisting of four equally spaced point electrodes that are pressed onto the concrete surface (4-point method), as sketched in Fig. B4 . The two outer point electrodes induce the measuring current and the two inner electrodes measure the resulting potential drop in the electric field. The resistance is the ratio of the voltage and the current.
The resistance R [kohm] calculated from the four point measurement is converted into resistivity ρ by: ρ = 2·π·a·R with a = electrode spacing [cm] .
For calibration purposes, the probe is placed with all four electrodes touching a metal sheet of known resistivity. The original article presented a summary of the results and conclusions of a Comparative Test conducted within the scope of RILEM TC 189-NEC "Non destructive Evaluation of the Concrete Cover". The Comparative Test (CT) was intended to assess, under the same conditions, the performance of different non-destructive test (NDT) methods designed to measure the "penetrability" of the concrete cover on site.
The original article reflects accurately the situation at the date of publication.
In view of concerns expressed by one of the participants on the effect of the moisture content of the concrete, at the time of the tests, on the results obtained from one of the NDT methods, namely the Autoclam Permeability System, the analysis of the results was revised.
The aim of the present article is to update the results, presented in the original article, as a consequence of this revision. 
Curing and Pre-conditioning of the Slabs
All slabs were initially stored in a moist room (20°C, 90% RH) for 24 hours. Subsequently they were demoulded and treated as detailed below.
• Sets 1 to 5 were kept in the moist room (20°C, 90% RH) until 7 days of age. Thereafter, the specimens were stored in a room at "Normal" ambient conditions (20°C, 70% RH) until testing.
• Set 6 was stored in a dry room (20°C, 35% RH) until 7 days of age. Thereafter, the specimens were kept in a room at "Normal" ambient conditions (20°C, 70% RH) until testing.
• The treatment of Sets 7 and 8 initially followed the same cycle as Sets 1 to 5.
However, 7 days prior to commencement of the NDT tests the samples were immersed in water for 1 day and thereafter kept in a "Moist" room (20°C, 90% RH) until testing. Testing samples that were treated in this way simulated measurements carried out after rainfall in an environment of high relative humidity.
• The treatment of Sets 9 and 10 initially followed the same cycle as Sets 1 to 5.
However, for a period of 7 days prior to commencement of the NDT tests (and during the tests) the samples were kept in a "Cold" room (10°C, RH not controlled). Testing samples that were treated in this way simulated measurements carried out in an environment of low ambient temperature.
The age of the slabs at the initiation of the NDT tests, that lasted 5 days, ranged between 54 and 69 days.
Conditions of the slabs when tested with NDT
In the planning of the experiment, a specific treatment of the slabs was agreed and rigorously observed. There was no target for the internal RH (i.e. moisture condition) of the slabs, so the resulting RH was a consequence of the agreed treatment. As a result of the different treatments, the concretes presented varying conditions of temperature and moisture at the time when the various "penetrability" tests were applied.
To have an indication of the temperature and moisture conditions of the concrete in the slabs for the different Test Conditions (at the date of the CT), measurements of Temperature and Relative Humidity were performed, both by LNEC (Portugal) and Queen's University Belfast (QUB, UK), inside drilled holes sealed to create a cavity, (35 and 10 mm deep, respectively). 
10
"Cold" T = 10 °C 9.9 87.3 11.1 86.5
As explained above, the planning of the experiment aimed at achieving special testing conditions for Sets 7 and 8 ("Moist") and for Sets 9 and 10 ("Cold").
From Table U .1 it is possible to confirm that the "Moist" and "Cold" conditions were actually achieved. Indeed, for Sets 7 and 8 the relative humidity measured in the concrete ranged between 90 and 92% (the temperature was close to 20°C). Similarly, for Sets 9 and 10, the temperature measured in the concrete was 10-11°C (the relative humidity ranged between 82 and 89%).
For Sets 1 to 6, tested under "Normal" conditions, the relative humidity of the concretes was within the range 78 to 85% and the temperature was close to 20°C.
As a result of these measurements, Table 1 of the original article should be replaced by Table U .2 (the main change being in the definition of the condition for sets 1 to 6, referred now as "Normal" instead of "Dry", as presented in the original article). As shown in Table U .1, almost invariably the relative humidity of the slabs exceeded 80%, even for those stored for almost 2 months under "Normal" ambient conditions (20°C, 70% RH). This put all NDT methods based on gas transport or water suction under rather challenging conditions.
In the particular case of the Autoclam Permeability System, it is important to highlight that its Operating Manual states "…it is recommended that tests are carried out when the concrete is relatively dry (i.e. when the internal relative humidity of the cover concrete up to a depth of 10mm is less than 80%)."
Therefore, the results obtained in the CT with the Autoclam instrument must be taken with caution as they might have been affected by the fact that the RH of the concretes was almost invariably above 80%.
Correlation to Reference Tests
With the above limitation in mind, the performance of the Autoclam test was revised, in particular the correlation of its results with Reference laboratory tests involving the same or similar "penetration" mechanism.
In the original article, on request of the participant who applied the Autoclam Permeability System, it was agreed that the correlations were made omitting for the calculation the test data corresponding to Sets 7 to 10, as they were clearly made on concretes with high RH (Figs 1a and 1b of the original article).
A further revision of the data, including all sets 1 to 10, revealed that the result corresponding to Set 3 falls completely out of the reasonable general trend of the results of the other 9 Sets.
Based on that, the correlations have been recalculated with the 10 results and also without the "outlier" result of Set 3. Condition when NDT applied "Normal" "Moist" "Cold"
with w/c= 0.60 (Test Condition 3), compared to the value obtained with the RILEMCembureau method. When this result is disregarded, the correlation coefficients are significantly improved." The conclusions presented in Section 6 of the original article are repeated below; they remain identical with the exception that Table U.3 should replace the original Table 7 .
Autoclam
"A summary of the quantitative recorded aspects of the performance of the test methods is presented in Table U .3.
It can be concluded that the Comparative Test at EMPA was well designed, planned and executed to provide meaningful and objective results. The fact that the testers involved, both on site and at the laboratories, did not know the identity of the slabs or cores they were testing, guarantees the objectivity of the results obtained.
Although to a varying degree, the Comparative Test proved that there are methods capable of evaluating the "penetrability" of the concrete cover on site, in a reliable and statistically significant manner. In five or six out of seven cases, the test methods were capable of detecting correctly the expected differences in "penetrability" at a significant or highly significant level. Moreover, some of the site methods showed very good correlations with corresponding relevant Reference Test methods.
This opens good perspectives for the application of such methods in practice, for the specification and "in situ" compliance control of the "penetrability" of the vital concrete cover, aiming at performance-oriented criteria regarding the durability of concrete structures." 
